ABSTRACT The alfalfa root weevil, Sitona discoideus (Coleoptera: Curculionidae), is an important pest of alfalfa. The developmental rates of the embryo development were recorded at eight constant temperatures ranging from 8.5 to 30ЊC. Using 10 models (1 linear and 9 nonlinear), we evaluated the relationship between constant temperature and developmental rate. Embryo development was shortest (8.5 d) and longest (69 d), at 28 and 8.5ЊC, respectively. The threshold temperature (T 0 ) and the thermal constant (K) were estimated using linear regression to be 4.7ЊC and 207.7 DD, respectively. The two most efÞcient nonlinear models, the Lactin and the Sharp and DeMichele, gave estimates of T min and T max of 4.4 and 3.9 and 30.0 and 30.9ЊC, respectively. This information has potential application in predicting the suitability and optimal time of release of an egg parasitoid of S. discoideus.
Alfalfa (Medicago sativa L.) is the father of herbs and the queen of forage. It is widely cultivated on Ͼ640,000 h in Iran. Of the 14 species of Sitona spp. (Coleoptera: Curculionidae) that are reported to feed on alfalfa, only a few such as Sitona discoideus are economically important (Modarres Awal 1994, Arbab and Borumand 2002) . The alfalfa root weevil, Sitona discoideus Gyllenhal (Coleoptera: Curculionidae), is a native pest of alfalfa in Iran that is distributed throughout the country where alfalfa is grown (Behdad 1993) . Research in New Zealand found that feeding by the larvae had a major effect on the sustainability of alfalfa, resulting in an average decline in crop growth of 40% per year (Goldson and French 1983, Goldson et al. 1985) . Adult feeding damage is characterized by notching of the leaßet edges, which can cause severe damage to seedlings, especially when plant growth conditions are unfavorable. Eggs are laid in the midspring on the soil surface near, or less often, attached to the alfalfa plants. First-instar larvae emerge and borrow into the soil to locate the root nodules on which they feed, destroying the N 2 -Þxing Rhizobium bacteria. As the larvae mature and nodules are consumed, the plant rootlets and root hairs are subsequently attacked (Aeschlimann 1986 ). There are Þve larval instars (Frampton 1986 ). This insect is univoltine and aestivates seasonally in Iran (Behdad 1993) , with adult densities reaching 50 Ð70 weevils/m 2 during pest outbreak years. Elimination of root tubercles by larvae decreases the ability of the plant to Þx nitrogen, therefore reducing the accumulation of nitrogen in plants and soil (Petrukha 1969) . Larval damage is more commonly apparent in older alfalfa stands.
The period between egg hatch and occupation of root nodules by Þrst-instar larvae is probably the most vulnerable part in the life cycle: larvae that do not locate root nodules quickly die of starvation (Johnson et al. 2007) . Understanding the inßuence of temperature on development rate of poikilotherms allows for the prediction of incubation time of the egg stage (Hamel et al. 1997) . This relationship between insect development and temperature represents an important ecological variable for modeling population dynamics of insects (Jarosik et al. 2002) . Understanding temperature-dependent development can be used for accurate forecasting and phenological prediction and is paramount to many successful pest management programs (Tobin et al. 2001) . For example, Anaphes diana (Girault) (Hymenoptera; Mymaridae) is a potential biological control agent against S. discoideus in Iran. A. diana is an egg parasitoid abundant in the Mediterranean region (Aeschlimann 1986 ) and, although introduced into Australia, establishment was never conÞrmed (Aeschlimann et al. 1989) . The suitability of A. diana as a biological control agent is dependent on temperature and other ecoclimatic conditions (Worner et al. 1989 ) and therefore a key step contributing to the success of a biological control introduction would be to determine the degree of synchrony between A. diana developmental times with that of S. discoideus eggs.
Many models are available to describe mean developmental times or rates of development as a function of temperature: from the earliest and most common used linear or day-degree model, a concept that dates to the 1700s (Wang 1960) , to the nonlinear models of Stinner et al. (1974) , Logan et al. (1976) , Sharpe and DeMichele (1977) , and Lactin et al. (1995) . However, it is not always obvious, a priori, which model is the most suitable for practical integrated pest management (IPM) implementation. The purpose of this study was to determine which of the several models tested better described embryo development of S. discoideus.
Materials and Methods
Temperature-dependent Development. Sexually mature adults were collected by sweep net in midApril 2002 from several commercial alfalfa Þelds in Qazvin province, Iran (36Њ17Ј N, 49Њ24Ј E and 1,450 m above sea level). To obtain an egg cohort, 100 adults were placed in rearing cages (15 by 11 by 11 cm) and held under laboratory conditions (24 Ϯ 2ЊC, 60 Ϯ 5% RH, 14:10 L:D) and provided with alfalfa stems consisting of between four to eight leaves. The cages were checked every 12 h, and the eggs (Ͻ12 h old) were collected. Newly laid S. discoideus eggs are white but turn gray and then black in a few hours or a few days depending on temperature. Grieb (1976) indicated that egg melanization took 5 d at 4ЊC and 2 d at 12ЊC, whereas Schotzko and OÕKeeffe (1986) showed that, at 21ЊC, the melanization was completed after ϳ17 h. Random samples of 25 white eggs were arranged with a brush on wet Þlter paper in petri dishes and transferred to controlled environment chambers (model GL-700W; Dena, Takestan, Iran). The chambers were set at one of eight constant temperatures (8.5, 12.5, 14.5, 20, 23, 26, 28, and 30ЊC) . Each chamber was divided into three sections, and one petri dish with 25 eggs was placed in each section. The photoperiod setting for all experiments was 0:24 L:D, with the absence of light shown to have no inßuence on the rate of development (Grieb 1976) . Egg viability of S. discoideus is between 95 and 99% (Aeschlimann 1975 , Frampton 1984 , and to maximize egg hatching, humidity around the eggs was maintained by adding a few drops of distilled water to the petri dishes every morning. Larval eclosion was determined by examining individual petri dishes under a binocular microscope (ϫ40) twice daily until all eggs hatched. Unfertilized eggs remained white and were removed at the end of the experiment.
Mean developmental rate of embryos at various temperatures was estimated using the following model:
where r(T) is the mean developmental rate at temperature T (ЊC); dt is the observed development time in days; and n is number of observations. This method is recommended by Logan et al. (1976) to account for linearity in the transformation of development time to developmental rate.
These rates are used in development models where data are added daily. Development is completed when the sum of their daily developmental rates reaches 1 (Curry et al. 1978) . Therefore, the integral of the developmental rate function along time (as in the models of Davidson 1942 , 1944 , Stinner et al. 1974 , Sharpe and DeMichele 1977 , Lactin et al. 1995 can be used to simulate the development of an organism exposed to different temperatures.
Linear Modeling. The relationship between temperature (T) and developmental rates (r ϭ 1/d) for the egg stage was modeled using linear regression, where r(T) ϭ a ϩ bT, within the temperature range in which the relationship is linear (8.5Ð28ЊC). The model was Þtted using the statistical program JMP (v. 4.02; SAS Institute 1989 , 2000 . The lower developmental threshold temperature was estimated by extrapolating the regression line to the temperature axis, t b ϭ Ϫa/b. In addition, degree-day estimations for development were calculated using the formula K ϭ (T Ϫ t b )Dev, where K is degree-days, Dev is the mean number of days to complete development at a constant temperature (T), and t b is the lower threshold temperature (Gordon 1984) .
Nonlinear Modeling. Temperature-dependent mean rates of egg development, r(T), were modeled using nine descriptive nonlinear models (Appendix 1).
The parameters of the nonlinear models were estimated with the nonlinear regression model of Marquardt (1963) using the JMP and SPSS (version 9.0; SPSS 1999) statistical programs. Lower and upper developmental thresholds were estimated from the equations.
Evaluation of Models. Model evaluation was based on four factors: (1) Þt to data (residual sum of squares [RSS] and coefÞcient of determination or coefÞcient of nonlinear regression [r 2 ]), (2) number of measurable parameters, (3) the biological value of the Þtted coefÞcients, and (4) accuracy in the estimation of thresholds (Kontodimas et al. 2004 , Arbab et al. 2006 .
Results
Temperature-dependent Development. The number of days for egg development at each temperature regimen is listed in Table 1 . Developmental times Table 2 ). The linear regression as applied to the data set recorded in this study is shown in Fig. 1 .
Model Evaluation. All Þtted parameters were estimated by regression analysis, whereas some other measurable parameters were calculated by solving the equations (t min in Linear and Lactin model) or their Þrst derivatives (t opt ). The values of estimated coefÞcients and measurable parameters of the models are presented in Table 3 . The inßuence of temperature on the embryo developmental rate Þtted by each model is shown in Fig. 1 . With the exception of the Briere model, the R 2 values obtained from the logistic model was low compared with those of the other nonlinear models (Table 3 ) and values of RSS were high, suggesting that this model does not describe the observed data well. However, high values of R 2 and low values of RSS for other models (Table 3) indicate a better Þt to the observed development data set.
The lower temperature threshold calculated by each model generally ranged between 3.9 and 4.7ЊC. The exceptions were the Hilbert and Logan model, which calculated a lower temperature threshold of Ϫ2.5ЊC, and the Analytis model, which calculated a threshold of 8.2ЊC. The optimum temperature for egg development rate was calculated to be between 28.5 and 29.9ЊC (with an exception of 26.5ЊC obtained from the Briere model). The calculated upper temperature threshold at which egg development rate became suboptimal was calculated to be between 30 and 32.6ЊC.
Discussion
Temperature is a major factor determining insect egg development (Johnson et al. 2007 ), although the relationship between arthropod developmental rate and temperature has generally been shown to be nonlinear. Typically, the development rate curve shows an increase from zero at a low temperature threshold, reaches a maximum at an optimal temperature, and decreases rapidly to zero at an upper lethal temperature. Data from our study Þt this relationship. The egg development period of S. discoideus was longest at 8.5ЊC was fastest at 29ЊC and showed an increase at 30ЊC. The temperature optimum, where the minimum developmental times were recorded, was within the range of 28.5Ð29.9ЊC (Table 3) . These are common temperature conditions that the weevil experienced during late of spring and summer in the Qazvin region.
In a study on S. crinitus Herbst, El Damir et al. (2004) found that the embryo development period was the shortest at 30ЊC (7 d) and longest at 8ЊC (69 d), whereas at 5ЊC, no eggs hatched over the 3-mo period of the experiment. Conversely, Melamed (1966) reported a temperature threshold for egg development of 5.8 for S. crinitus. The temperature threshold for egg development of S. lividips, S. hispidulus, and S. lineatus was reported to be 4.8, 4.6, and 6.5ЊC, respectively (Melamed 1966) . Grieb (1976) found that eggs of S. lineatus failed to develop when incubated at 27ЊC if they were held for 70 d at 4ЊC, although 90% hatched if they were held only 56 d at this low temperature. This indicated that 4ЊC must be close to a lower lethal threshold. Similar research on S. lineatus L. by Lerin (2004) examining egg devel- , ordinate) of embryo versus temperature (ЊC, abscissa). Ⅺ, observed data. In the linear model, the development time at 30ЊC was omitted.
opment times over a range of temperatures, and using the Sharpe and DeMichele model, calculated an optimum temperature for egg hatch and development of 29ЊC.
Research elsewhere has highlighted the effect of temperature on embryo development rates for Sitona species (Andersen 1931 , Melamed 1966 . Melamed (1966) reported that the percentage of egg hatching for four species of Sitona (S. hispidulus, S. lividips, S. lineatus, and S. crinitus) fed on pea leaßets was reduced when temperature exceeded 25ЊC. In Finland, the embryo development period of 11 species of Sitona including S. crinitus was 29 Ð32 d at a mean temperature of 11.5Ð12ЊC (Markkula 1959) . The incubation period of S. hispidulus was 21 d in summer and 150 Ð200 d in winter (Underhill et al. 1955) .
The curvilinear developmental rateÐtemperature relationship for this species is typical of many other insects and mites (Briere and Pracros 1998) . Nonlinearity of the relationship between developmental rate and temperature conÞrms the hypothesis that the rate processes that control development in S. discoideus is nonlinear (Lamb 1992) .
Among the models that estimated lower temperature threshold, all models except for Analytis and Hilbert and Logan calculated t min values of between 3.9 and 4.7ЊC that are close to the observed values. The optimum temperature and upper temperature thresholds estimated by the majority of the models were 28.5Ð29.9 and 30 Ð32.6ЊC, respectively.
Our results suggest that, among the Þve models (Analytis, Sharpe and DeMichele, Hilbert and Logan, Lactin, and Briere) that estimated all three parameters (t min, t opt , t max ), the Sharpe and DeMichele and Lactin models more accurately described the relationships between egg developmental rate and temperature. The biophysical model of Sharpe and DeMichele (1977) describes a nonlinear response between developmental rates at low and high temperatures, as well as a linear response at intermediate temperatures (Medeiros et al. 2004) . For this reason, Wagner et al. (1984) and Fan et al. (1992) considered that this nonlinear model better describes the effect of constant temperatures on insects development. This model was applied and evaluated by Gould and Elkinton (1990), Orr and Obrycki (1990) , Fan et al. (1992) , Morales-Ramos and Cate (1993) , Judd and McBrien (1994) , Harari et al. (1998) , Medeiros et al. (2003 Medeiros et al. ( , 2004 , and Lerin (2004) and was considered appropriate for determination of developmental rates studied. However, the disadvantage of the biophysical model is the relatively high number of the parameters (six) required to generate a valid output. Lactin et al. (1995) stated that LactinÕs model is preferable when temperatures are frequently near the lower development threshold, which is the case in early spring in Qazvin province. The Lactin model was also found to be highly efÞcient in modeling developmental rate of some insects such as the rice root aphid, Rhopalosiphum rufiabdominalis (Tsai and Liu 1998) , Lobesia botrana (Briere and Pracros 1998) , Stethorus punctillium and its prey Tetranychus mcdanielli (Roy et al. 2002) (Arbab et al. 2006) .
This work describes the identiÞcation of appropriate models to describe the development and eclosion of Qazvin populations of S. discoideus larvae over a range of temperatures generally prevailing in this region, and from which the key bioclimatic parameters for the egg stage of this pest could be estimated. Nevertheless, more knowledge of development at temperatures close to the lower development threshold during periods of cold temperatures is required to validate the results reported here (Liu and Meng 1999) .
The relationship between temperature and developmental parameters detailed in our study should prove useful for predicting S. discoideus infestations, although further research is required to validate the Lacitn and the Sharp and DeMichele models against Þeld observations. Moreover, both models provide a useful tool for incorporation into a putative biological control program targeting the egg stage of S. discoideus, with the parasitoid A. diana. Parasitoid development that is synchronized with its host offers an improved opportunity for success compared with one where there is a divergence between host and parasitoid both in development rates and temperature thresholds (Hemachandra et al. 2007 , Krugner et al. 2007 ). Development rate information can also be incorporated into a model to determine the optimal time of release of A. diana.
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